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Adsorption of BTX Compounds from Water 
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Date of Degree : May 2015 
Raw and impregnated carbon nanotubes (CNTs) were used for the removal of benzene, 
toluene and xylene (BTXs) from industrial waste water. Iron, zinc and aluminum oxide 
nanoparticles were impregnated on the surface of CNTs. The synthesized adsorbents 
were characterized using nitrogen adsorption, x-ray diffraction (XRD), scanning electron 
microscope (SEM), energy dispersive x-ray (EDX) and thermogravimetric analysis 
(TGA). Nitrogen adsorption results showed that all synthesized adsorbents followed type 
(V) isotherm behavior. Brunner Emit Teller (BET) surface area analysis showed a 
remarkable increase in the surface area of all impregnated CNTs. The SEM-EDX 
analysis showed uniform dispersion of the metal oxides on CNTs. The TGA results 
confirmed the thermal stability of all adsorbents upto 450 °C.  
Batch adsorption experiments were conducted at various conditions for the removal of 
BTXs using synthetic wastewater samples. Contact time, adsorbent dosage and initial 
concentration of BTXs were observed to have a significant effect on the removal 
efficiency and adsorption capacity of BTXs. Comparing the removal efficiency of 
benzene on different adsorbents under similar experimental conditions showed that the 
removal was highest as 71% for aluminum oxide impregnated CNTs and lowest as 52% 
for raw CNTs. Similar removal efficiency of 66% was observed for the removal of 
XIX 
 
toluene using both raw and impregnated CNTs under identical experimental conditions. 
Highest removal efficiency of 89% was achieved for p-xylene removal using raw and 
aluminum oxide impregnated CNTs under identical experimental conditions.  
Pseudo first order, pseudo second order and intraparticle diffusion model were used to fit 
all kinetic adsorption data. The pseudo first order model was best for the adsorption of 
benzene. Values of pseudo first order model constant ranged from 0.005 to 0.007 min
-1 
while, the values of equilibrium adsorption capacity ranged from 1.6 to 2.4 mg/g. Pseudo 
second order model was found best to describe the toluene and p-xylene adsorption. 
Values of the pseudo second order model constant ranged from 70 to 2200 µg mg
-1 
min
-1 
while the values of equilibrium adsorption capacity ranged from 40 to 110 mg/g for 
toluene adsorption. Values of pseudo second order model constant ranged from 278 to 
466 µg mg
-1 
min
-1 
while the values of equilibrium adsorption capacity ranged between 86 
to 91 mg/g for p-xylene.  
Langmuir, Freundlich and Dubinin-Rendenkuvich (D-R) isotherm models were used to 
fit the equilibrium adsorption data for BTX. The Langmuir isotherm model gave best fit 
for equilibrium adsorption of benzene. Values of Langmuir constant ranged from 0.5 to 
3000 µL/mg while equilibrium adsorption capacity ranged from 517 to 1215 mg/g. 
Freundlich isotherm model was best to describe the adsorption of toluene and p-xylene. 
Values of Freundlich isotherm constant ranged from 6 to 14500 µL/mg and values of 
heterogeneity parameter ranged from 0.24 to 0.48 for toluene adsorption. Values of 
Freundlich isotherm constant ranged from 1 to 1.4 L/mg while the values of heterogeneity 
parameter ranged from 0.9 to 0.98 for p-xylene adsorption. 
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 ملخص الرسالة
 عامر عباس الاسم الكامل:
استخدام الأنابيب الكربونية المتناهية الصغر الخامة والمطعمة بأكاسيد المعادن في إزالة البنزين  :عنوان الرسالة
 والزيلين من المياهوالتولوين 
  الهندسة الكيميائية التخصص:
 5102مايو  تاريخ الدرجة العلمية:
تم استخدام الأنابيب الكربونية المتناهية الصغر الخام والمطعمة بأكاسيد الحديد والزنك والالومنيوم لازالة مركبات البنزين 
والتولوين والزيلين من مياه الصرف الصناعية. تمت معاينة المواد الممتزة المصنعة باستخدام عدة تقنيات مثل قياس مدى 
المسح المجهري الالكتروني والتحليل الوزني الحراري والتحليل الطيفي لأشعة اكس وتحليل حيود قابليتها لامتزاز النيتروجين و 
الأشعة السينية.أظهرت نتائج امتزاز النيتروجين أن جميع المواد الممتزة المصنعة تتبع سلوك النموذج الرابع. كما أظهرت نتائج 
نابيب الكربونية المطعمة. أثبتت نتائج المسح المجهري تحليل مساحة السطح وجود زيادة ملحوظة على أسطح كل الأ
الالكتروني والتحليل الطيفي لأشعة اكس أن هناك توزيع متساو لجزيئات أكاسيد المعادن على سطح الأنابيب الكربونية. من 
 054 درجة حرارة ناحية أخرى، أكدت نتائج التحليل الوزني الحراري وجود استقرار حراري لجميع عينات المواد الممتزة حتى
 درجة مئوية. 
تمت التجارب على عينات مختلفة تم تحضيرها باستخدام مياه صرف مصنعة لدراسة إزالة مركبات البنزين والتولوين والزيلين. 
متزاز الا ةلوحظ من النتائج أن هناك تأثير كبير لمدة التلامس وجرعة المادة الممتزة والتركيز المبدئي للملوثات على كفاءة عملي
وسعتها. من خلال مقارنة كفاءة عملية إزالة البنزين باستخدام الأنابيب الكربونية الخام والمطعمة بأكاسيد المعادن تحت 
% باستخدام الأنابيب الكربونية المطعمة بأكسيد الالومنيوم بينما كانت 17نفس الظروف تبين أن أعلى نسبة إزالة كانت 
% باستخدام الأنابيب 66الكربونية الخام. من ناحية أخرى، كانت نسبة إزالة التولوين  اقل نسبة عند استخدام الأنابيب
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% 98الكربونية الخام والمطعمة على حد سواء عند توفر نفس الظروف. أما فيما يتعلق بالزيلين فقد بلغت أعلى نسبة إزالة 
 يوم.ة بأكسيد الألومنموذلك عند استخدام الأنابيب الكربونية الخام والمطع
تم استخدام النموذج الشبيه بالدرجة الأولى والنموذج الشبيه بالدرجة الثانية ونموذج الانتشار الجزيئي الداخلي لنمذجة بيانات 
الامتزاز الحركي وقد أظهرت النتائج أن النموذج الشبيه بالدرجة الأولى كان هو أفضل نموذج في حالة امتزاز البنزين وقد 
 2,4و  1,6في الدقيقة بينما تراوحت قيم التوازن لسعة الامتزاز بين  0,700و  500,0موذج بين تراوحت قيم ثوابت الن
ملجم/ جم. من ناحية أخرى كان النموذج الشبيه بالدرجة الثانية هو الأفضل لوصف عملية الامتزاز للتولوين والزيلين. في 
يكروجرام/ (مليجرام.دقيقة) بينما تراوحت قيم التوازن م 0022الى  07حالة امتزاز التولوين، تراوحت قيم الثوابت بين 
 774إلى  872ملجم/جم .وأخيرا في حالة امتزاز الزيلين تراوحت قيم الثوابت بين  011إلى  04لسعة الامتزاز بين 
 ملجم/جم. 19إلى  68ميكروجرام/ (ملجم.دقيقة) في حين تراوحت قيم التوازن لسعة الامتزاز بين 
نماذج لدراسة مدى ملائمتها لتمثيل النتائج التي تم الحصول عليها وهي نموذج لانجميور ونموذج فريندلخ  تم استخدام ثلاث
. بينت النتائج أن نموذج لانجميور كان الأنسب لتمثيل نتائج البنزين وقد  D(-)Rوأخيرا نموذج دبنن _ ريندنكوفيتش 
تر/مليجرام فيما تراوحت قيم التوازن لسعة الامتزاز ما بين ميكرولي 0003الى  5,0تراوحت قيم ثوابت النموذج ما بين 
مليجرام/جرام. كما بينت النتائج ان نموذج فريندلخ كان هو الأنسب لتمثيل نتائج التولوين والزيلين.  5121إلى  715
الى  42,0بين  ميكروليتر/مليجرام وقيم معامل عدم التجانس ما 00541الى  6تراوحت قيم ثوابت نموذج فريندلخ ما بين 
 في حالة إمتزاز التولوين. 84,0
ليتر/مليجرام بينما تراوحت  4,1إلى  1من ناحية اخرى، تراوحت قيم ثوابت نموذج فريدنلخ في حالة امتزاز الزيلين ما بين 
 .89,0الى  9,0قيم معامل عدم التجانس بين 
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1 CHAPTER 1 
INTRODUCTION 
1.1 Background  
Benzene, toluene and xylenes (BTX) are primary aromatic hydrocarbons. They are used 
for producing many organic chemicals, synthetic fibers, plastic resins and plasticizers [1]. 
The origin of these compounds lies in petroleum industry; they are naturally found in 
crude and also produced by two methods in refinery. One of those methods is the 
catalytic reforming of naphthenes and paraffins (almost 50% of benzene, 90% of toluene 
and 95% of mixed xylene are derived by this method) while other one is pyrolysis of 
gasoline by steam cracking (almost 25% benzene and 10% toluene obtained by this 
process). BTX are also obtained from coal tar by extraction and distillation. These are 
building blocks of many modern day used products. They are widely used in petro-
chemical industry as raw material for producing polymers, plastic, rubber etc. 
Benzene is the feedstock for production of important chemicals including styrene, 
phenol, nylon and aniline. Benzene is also used for producing detergent alkylate, maleic 
anhydride and chlorobenzene [2], also utilized as solvent in inks, paints and plastics. 
Toluene is also used as solvent in paints, cleaners and degreasers and can be utilized for 
surface coatings. It is also used for explosives and as a raw material in polyurethanes.  
Xylene is also widely used as a solvent in different ways in paints removers, cleaners, 
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inks. It exists as clear liquid and can be found in three different isomeric forms which are 
para-xylene, ortho-xylene and meta-xylene. P-xylene is used for manufacturing of tere-
phthalic acid (PTA) which is used for producing polyester resins while o-xylene is used 
for producing phthalic anhydride which is utilized for making flexible polyvinyl chloride 
(PVC), m-xylene is converted to iso-phthalic acid, used for making polyester resins [1,3]. 
During all these industrial processes large amount of BTX is dissolved in water because 
of their relatively high water solubility. Traces of BTX (ppm level) remain in water due 
to their hydrophilic nature and their presence has been observed several kilometers way 
in downstream water of an industry. 
Hazards and toxicity of BTX: 
The primary route of exposure of BTX to humans is inhalation, although these can also 
be absorbed through skin. These are toxic compounds and can cause damage to central 
nervous system. Benzene is more dangerous in a way that it causes Leukemia and anemia 
leading to cancer [3]. Table 1.1 indicates the exposure limits, hazard associated and 
sources of BTX. 
1.2 Motivation for Work 
Water is one of the most important and essential need of humans. With the increase in 
population and also tremendous urbanization, the need for clean and pure water is 
enhancing day by day. But unfortunately we are lacking in the sources of fresh water. 
Natural water resources are being polluted by human activities and industrial wastes. 
According to a report of World Health Organization (WHO) in 2012; about 780 million 
people on earth still lack access to improved drinking water resources. Also, the 
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traditional methods of water treatment are not able to provide water with sufficient purity. 
So, it is need of time to look for such processes which can treat and provide efficient 
amount of clean water [4,5]. 
Table ‎1-1: BTX Contamination Level and restrictions [6] 
Component 
Maximum‎
(allowed)‎
contaminant‎
level 
Maximum‎
Contaminant‎
Level‎Goal‎
(MCLG) 
Risks‎
associated‎
with‎health 
Source 
Benzene 
0.005 mg/L or 5 
ppb 
Zero 
Loss of 
platelets 
(Increased 
Cancer risk), 
Skin,  Eyes,  
Central 
nervous 
system 
damage 
Discharge 
from 
industries, Gas 
storage tanks 
leakage, 
Landfills 
Toluene 1mg/L or 1 ppm 1 mg/L or 1 ppm 
Causes 
kidney, liver 
and nervous 
system 
problems 
Discharge of 
petroleum 
refineries 
Xylenes 
10 mg/L or 10 
ppm 
10 mg/L or 10 
ppm 
Nervous 
system 
damage 
Discharge of 
petroleum 
refineries and 
different 
chemical 
factories 
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2 CHAPTER 2 
LITERATURE REVIEW 
There have been many studies on removal of BTX from water using different techniques 
which involve physical, chemical and biological techniques.  Physical techniques are 
carbon adsorption, filtration, and adsorption by zeolites while chemical oxidation and 
photo-catalytic remediation are chemical techniques; biological techniques involve 
bioremediation and bioleaching. Out of all these techniques, adsorption mechanism is 
more promising and used commercially for removal of BTX from water [7,8].  
Since their discovery in 1991 by Iijima [9], CNTs have become attractive in all scientific 
and research communities.  They have unique physical, chemical and structural 
properties. It is observed that due to their unique properties, CNTs have a great potential 
in all fields. They are being studied to be used in almost every field of research which 
includes medical, electronics, chemistry, catalysis and  water treatment [5].  
Several forces act simultaneously when CNTs are used as adsorbents for different 
pollutants. These forces include hydrophobic effect, hydrogen bonding, electrostatic 
interaction, л-л interaction, л-л electron donor acceptor interaction. Hydrophobic nature 
of CNTs surface causes strong interaction between them and nonpolar organic chemicals. 
Abundant л-electrons present on the surface of CNTs cause better contact with the л-
electrons present on molecular plane of aromatic pollutants by л-л interface. This л-л 
electron interface is long ranged and involves van der Waals forces [5,10,11].   
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CNTs aggregation has a strong effect on adsorption efficiency. This aggregation tendency 
decreases with increasing number of walls or with decreasing nano-curvature. Generally 
for CNTs aggregation follows this order; Multiwall carbon nanotubes < Double wall 
carbon nanotubes < Singe wall carbon nanotubes [5].   
2.1 CNTs Characteristics  
Carbon nanotubes are graphitic carbon sheets rolled in hollow cylinders with diameters in 
nano-meters and length varies from nanometers to micrometers. Graphitic carbon is sp
2
 
hybridized solid phase carbon having three of four valence electrons covalently bonded in 
two dimensional planes while fourth one acts as delocalized among all atoms present as a 
weak л bond in three dimensions. Hydrophobicity, high and specific surface area, hollow 
and layered structure of CNTs make them good adsorbent. The following parameters 
were observed to play an important role in adsorption of aromatic organic compounds on 
CNTs.  
 п-electron donor and acceptor interaction  
 Pore volume, pore size distribution 
 Specific surface area 
 Functional groups present on the surface of CNTs 
It is observed that CNTs may get aggregated, so following areas act as adsorption sites 
outer most surface, interstitial channels, inner cavities and grooves between CNTs bundle 
as shown in Figure 2.1 [12]. Adsorption sites of MWCNT were located on the innermost 
and outermost surfaces because the interlayer spacing between coaxial tubes is 
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impenetrable to organic compounds. Organic compounds attach first to high energy 
adsorption sites and then to all low energy sites [13]. 
In aqueous phase; water chemistry, physicochemical properties of CNTs and adsorbate 
play vital role. 
 
Figure ‎2-1: Schematic of a typical CNT bundle and its adsorption sites (1) inner cavities, (2) interstitial channels, 
(3) external grooves, (4) outermost surface [12] 
 
There are two types of CNTs reported in literature. They are single wall carbon 
nanotubes (SWCNTs) or multiwall carbon nanotubes (MWCNTs). Single wall nanotubes 
consist of only one graphitized carbon layer rolled in hollow cylinder while multi wall 
carbon nanotubes consists of many layers. Based on this difference they have different 
characteristics like inner and outer diameter, length of CNTs, pore volume, and pore 
distribution and specific surface area [14].  
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CNTs are pretreated before using as an adsorbent. This includes acid wash using HCl, 
HNO3, H2SO4, heat treatment and ultrasonication. CNTs surface can be modified by 
oxidation and can also be functionalized. Functionalization of CNTs occurs at sidewalls, 
on defected sides and at the ends of tubes through covalent and non-covalent attachment 
of functional groups. Mostly, CNTs surface is oxidized by oxygen containing groups OH, 
COOH and C=O. Oxidation provides CNTs hydrophilic moieties and removes impurities, 
amorphous carbon and hemispherical caps. Different studies indicate the importance of 
CNT type as well as the oxidizing agent and its strength on alteration of CNT surface 
chemistry that is change in the surface area. In addition to SSA, Cho et al. [15] reported 
no change in structure or length distribution of CNTs after oxidation. However, Wu [16] 
reported a decrease in the diameter of MWCNTs after oxidation and attributed the 
modification of this diameter to the removal of the amorphous carbon from the surface.  
2.2 Impact of Different Properties on Organic Compounds Removal 
It is important to study the effect of CNTs surface properties, role of solution chemistry 
and nature of organic compounds on their removal through adsorption process. Here 
these effects are discussed in detail.  
2.2.1 Effect of CNTs properties on adsorption of organic compounds  
CNTs physical properties play important role during adsorption of different organic 
compounds. The following factors were observed to affect adsorption  
 Water cluster formation around oxygen containing functional group 
 Metal catalysts used during synthesis of CNTs 
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 Presence of amorphous carbon on and inside CNTs which impede penetration of 
adsorbate.  
 Nano-curvature and diameter of CNTs also influence adsorption. By increasing 
the diameter of CNTs; the decrease in adsorption capacity was observed.  
CNTs physical properties as well as surface chemistry can also influence the organic 
compounds adsorption. 
Oxidation of CNTs surface 
The unintended oxidation of the surface during manufacturing and/or in the environment, 
and the intentional oxidation with treatment are some possible causes of CNT surface 
oxidation. It was observed in several studies that there was an overall decrease in 
adsorption with an increase in surface oxygen content. Two mechanisms have been 
proposed to explain these observations:  
i. The presence of oxygen on the CNT surface makes adsorption of water molecules 
energetically more favorable relative to organic compounds adsorption, which 
results in water clusters that deplete the available surface area for organic 
compounds 
ii. The presence of oxygen on CNT surface localizes the л- electrons, which reduces 
the л-л interactions between the CNT graphitic surface and benzene rings of 
aromatic organic compounds.  
Similar findings were presented and discussed for activated carbon. Yu et al. [17] 
reported a remarkable increase (~100%) in adsorption capacities of toluene, ethylbenzene 
and m-xylene with increasing surface oxygen content per specific surface area, up to 8%, 
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for MWCNTs. The increase was attributed not only to the increase in the dispersion of 
CNTs but also to the increase in the available adsorption sites. However, it was found 
that by further increasing the oxygen content per specific surface area (up to 18%), a 
decreasing trend in the adsorption capacity was observed. This behavior was explained 
by water cluster formation effect dominating over the CNT dispersion for organic 
compounds adsorption [18]. 
2.2.2 Influence of organic compound properties on their adsorption  
Following properties of organic compounds and forces act as driving forces for 
adsorption of organic compounds on the surface of CNTs [19,20]  
 Hydrophobic forces are very important factor in adsorption of aromatic 
hydrocarbons on CNTs surface. Hydrophobicity, an important adsorbate property, 
is represented by octanol-water portioning co-efficient (KOW) or aqueous 
solubility (SW). It was observed that molecular size of adsorbate directly affect 
adsorption efficiency as hydrophobic affinity cannot overcome steric hindrances.  
 Physical and chemical forces between CNTs and organic molecules 
 Non-specific forces; resulting from affinity of electron rich and electron deficient 
regions of uncharged molecules; usually known as van der Waals forces. Their 
intensity depends on size of molecules, polarizability and electric charge.   
 л-л interaction resulting from the interaction between л-electrons of graphitic 
carbon and л-electrons of aromatic hydrocarbons. Л-electron density of aromatic 
hydrocarbons is also another important property which influences their adsorption 
on CNTs surface. It was observed by researchers that hydrocarbons with more 
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benzene rings had more adsorption and it was attributed to stronger conjugation 
potential of more rings resulting with stronger л-л interactions. 
 Hydrogen bonding; which results from electrostatic interaction of –OH group 
containing aromatics hydrocarbons and functionalized CNTs surface. Hydrogen 
bonding is a dipole-dipole interaction and it is caused by an interaction between 
hydrogen atom and an electronegative element on CNTs functionalized group. It 
was reported by one of the author [21] that for phenol adsorption the position of 
hydroxyl group on phenol also plays an important role. He observed higher 
adsorption when hydroxyl group was attached on meta-position rather than ortho 
or para position. It is observed that if adsorption is controlled by hydrogen 
bonding; by decreasing pH adsorption increases.   
 Sometimes it was observed that in the presence of л-л interaction adsorption was 
not upto a good level. So, molecular configuration or surface conformation of 
organic compounds is also an important parameter. 
2.2.3 Effect of solution properties on organic compounds adsorption  
The initial pH of the background solution is another major factor controlling adsorption. 
For organic acids, if pH < pKa, the non-dissociated species for organic bases dominate 
the solution and vice versa. Therefore, the influence of background solution pH and ionic 
strength depends upon the ionizability and the electron donor acceptor ability of organic 
compounds. The pH change also influences the protonation/deprotonation state of the 
functional groups on CNT surfaces. Deprotonation of acidic functional groups may 
increase the density of negatively charged functional groups that may create repulsive 
forces between negatively charged SOCs or may promote л-electron donor ability of 
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CNT surface and enhance л-л electron donor interactions between CNTs and organic 
compounds. The formation of water clusters decreasing hydrophobicity and reduction of 
hydrogen bond formation decreasing adsorption affinity are other possible mechanisms 
for this increase in either repulsive forces or the promotion of electron donor ability 
[22,23]. The variance of the ionic strength of natural waters can be another factor that 
may influence adsorption of organic compounds. Organic compounds are less soluble in 
aqueous salt solutions, which are known as the salting-out effect. Salting-out may 
enhance the hydrophobic interactions of organic compounds with CNTs [23,24]. 
Adsorption of organic compounds by CNTs is predominantly a temperature-dependent 
process in which physical sorption occurs mostly as an exothermic process releasing 
energy. It was observed by different studies that CNT adsorption capacity decreased as 
the temperature was increased. It was also revealed that adsorption thermodynamics 
depends upon the nature of the predominant sorption mechanism [17]. 
2.3 Carbon Nanotubes and Activated Carbon: Comparison 
Graphitic carbon is the backbone of both CNTs and activated carbon. Both CNTs and 
activated carbon have similar chemical characteristics such as hydrophobicity, л-
electrons rich surface. Activated carbon consists of rigid pore structure with a lot of 
micro, meso and macro pores where adsorption occurs; while CNTs have hollow 
cylindrical shape with micro-pores on their surface and are usually aggregated with each 
other due to л-л stacking and van der Waals forces. This aggregation in CNTs provides 
four different sites for adsorption which are external surface, inner cavity of open-ended 
CNTs, groves and interstitial channels between bundles [25]. 
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Carbon nanotubes were reported to exhibit higher or comparable adsorption capacity than 
activated carbons in several studies while opposite findings were also reported in others. 
This was explained on the basis of nature of compounds and also surface chemistry of 
water.  Adsorption kinetics on CNTs have been reported to be faster than on activated 
carbons [26].  
Conventional adsorbents have lower adsorption efficiency due to limited surface area or 
active sites, the lack of selectivity, and the slow adsorption kinetics [4].   
2.4 Removal of Organic Compounds (BTX) from Water  
In this section, different techniques used for the removal or reduction of organic 
compounds from water will be described.  
2.4.1 Advanced oxidation process combined with biological process 
Advanced oxidation process has been used by many researchers for treatment of water 
containing organic pollutants [27]. This method was reported as highly competitive 
because this can remove organic compounds having high chemical stability and low 
biodegradability which cannot be treated by conventional methods. This method needs 
high energy for complete conversion of compounds with increasing treatment time. So, it 
is mostly used in combination with biological treatment [28] in order to achieve complete 
mineralization of compounds at lower cost. Advanced oxidation process is mainly used 
as pre-treatment when biologically persistent compounds are converted to biodegradable 
compounds. And later, these intermediates formed by chemical oxidation are completely 
converted by micro-organisms.  
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However, this method has some limitations which are as follows 
 Sometimes chemical oxidation process generates such intermediates which are 
less biodegradable. 
 There is lack of selectivity to convert more bio-resistant compounds. 
 Selection of treatment conditions is also a problem e.g. sometimes it can generate 
such an effluent which has less metabolic value for micro-organisms. 
 Compounds used as oxidant e.g. ozone or hydrogen peroxide and catalyst e.g. 
metals, metal oxides and salt are toxic for micro-organisms so they need to be 
eliminated from the media before charging for biological process. 
 Sometimes toxicity of original effluent grows during early treatment due to 
formation of toxic intermediates which are harmful for biological systems.  
 Different oxidation process leads to different intermediates so we need different 
biological system for their convergence.  
 pH needs to be set around 6.5 to 7.5 for biological process but Ozone has good 
efficiency around 9 pH while Fenton gives good result around pH value of 3. So, 
after this treatment neutralization is required [29]. 
2.4.2 Photo-Catalysis 
Photo-catalysis is also important method used for removal or degradation of different 
organic compounds. Photo-catalysis is used mainly for oxidation of organic compounds. 
Bahmani et al. [30] carried photo catalytic oxidation of BTEX using H2O2 along with UV 
lamps in a batch reactor.  They carried out different experiments by using H2O2 
separately, UV separately and then combining both. It is observed by going through 
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different works that photo-catalytic technique is quite expensive. A photo-catalyst should 
be resistant to corrosion and stable under reaction conditions [31,32]. 
2.4.3 Adsorption 
Different materials have been used for adsorption of different pollutants from water 
which include zeolite, resins and activated carbons; but most commonly used material for 
adsorption on industrial and commercial scale is activated carbon [33–41]. The benefits 
associated with large scale use of activated carbon are chemical inertness, thermal 
stability, and better pollutant removal efficiency. But, problems associated with AC in 
water treatment are not only slow adsorption kinetics but also difficulty in regeneration. 
Later, activated carbon fibers were developed to overcome these problems and adsorption 
kinetics was improved due to openings on the surface [42]. After that, carbon nanotubes 
emerged as third generation adsorbents. All adsorption sites are located on inner and 
outer surface of CNTs; which make them better adsorbent [43]. The more porous 
structure of CNTs is better for adsorption in terms of diffusion of pollutants. Based on 
stronger interactions of chemicals and nanotubes, tailored surface chemistry, high 
equilibrium rates and high sorption capacity; CNTs were considered as superior sorbents 
for a wide range of organic and inorganic contaminants than the conventionally used 
activated carbons [5].    
Few recent studies for removal of BTX from water are reported in Table 2.1. Various 
scientists reported different adsorption capacities with activated carbon [44,45], activated 
carbon fiber [46], single wall and multi wall carbon nanotubes [18,47–49] using 
experimental conditions of 20 
o
C to 30 
o
C temperature, pH range of 5 to 7 and different 
initial concentration of adsorbates.   
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Table ‎2-1: Summary of different adsorbent and their adsorption capacity 
Source 
Contaminants 
present 
Adsorbent used 
and Conditions 
Langmuir constant / 
Adsorption capacity 
(mg/g) 
Mangun et 
al. (2001) 
[50] 
Benzene, Toluene, 
Ethyl-Benzene and 
m-Xylene 
Activated carbon 
fibers 
PH  7 
Temperature  20 oC 
Benzene – 66 
Toluene  – 85 
Ethyl-Benzene –   237 
m-Xylene –  185 
Wibowo et 
al. (2007) 
[44] 
Benzene, Toluene 
Activated carbon 
pH  7 
Temperature – 30 
oC 
Benzene – 183.3 
Toluene  – 194.1 
Chen et al. 
(2007) 
[51] 
Benzene, Toluene 
Single wall CNTs 
pH  7 
Temperature  30 oC 
Benzene – 60.1 
Toluene –  103.2 
Chin et al. 
(2007) 
[52] 
O-xylene, p-xylene 
Single wall CNTs 
Temperature  25 oC 
pH  5.4 
Amount  50 mg 
p-Xylene – 77.5 
O-Xylene – 68.5 
Su et al. 
(2010) 
[53] 
Benzene, toluene, 
ethyl-Benzene and m-
xylene 
Activated carbon, 
MWCNTs oxidized 
with NaOCl 
pH  7 
Temperature 25 oC 
Activated 
carbon 
Modified 
MWCNTs 
B – 217.32 
T – 221.13 
E– 250.65 
m-X -301.4 
B- 247.87 
T – 279.81 
E– 342.67 
m-X-413.77 
Yu et al. 
(2012) 
[54] 
Toluene, Ethyl 
Benzene and Xylene 
Raw MWCNTs and 
also modified by 
KOH 
pH  6 
Temperature  20 oC 
Toluene –  87.12 
Ethyl Benzene –  322.05 
m-Xylene –  247.83 
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YU and 
MA et al. 
(2012) 
[17] 
Toluene, Ethyl 
Benzene and Xylene 
isomers 
Raw MWCNTs and 
MWCNTs oxidized 
by NaOCl 
pH   7 
As grown 
MWCNTs 
Modified 
MWCNTs 
T – 44.9 
E – 61.16 
p-X – 76.15 
m-X –76.86 
o-X – 61.86 
T – 59.48 
E – 85.49 
p-X – 103.4 
m-X –109.8 
o-X – 97.39 
 
After discovery of carbon nanotubes, different studies have been conducted to study their 
effect on adsorption of many contaminants. It has been observed by researchers that 
CNTs are very good adsorbents and have adsorption capacity even better than activated 
carbon [44,53,55]. In the recent years, modification of CNTs surface with different 
groups was also investigated. It is seen that defective surface of CNTs as well as 
modified CNTs surface with different groups and oxides, provide enhancement in 
adsorption activities due to more active sites availability and enhanced bonding 
interactions [15,23,26,44,54,56,57]. Currently, it is seen that by impregnating CNTs with 
different metal oxide nanoparticles, dispersion of CNTs enhances and they provide more 
sites for adsorption of contaminants hence leading to increase in removal efficiency. 
Different contaminants such as heavy metals and some organic compounds have been 
removed from waste water using metal oxides impregnated CNTs [58–62].   
According to best of our knowledge, not even a single study have been published for 
removal of BTX from water using metal oxide impregnated CNTs. Based on this 
conclusion, we have carried out this work for removal of BTX using advanced 
adsorbents, CNTs impregnated with various metal oxides.   
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2.5 Objectives of the Study 
The main objectives of this study are as follows, 
1) To impregnate carbon nanotubes with different metal oxides.  
2) To characterize the raw and impregnated CNTs with SEM, EDX, TGA and Zeta 
potential. 
3) To remove BTX from water using raw and modified carbon nanotubes. 
4) To optimize the adsorption parameters such as dosage of adsorbent, contact time, 
shaking rpm, pH of solution and initial concentration of adsorbate on the removal 
efficiency.  
5) To study the thermodynamics and kinetics of adsorption phenomena.  
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3 CHAPTER 3 
RESEARCH METHODOLOGY 
This chapter describes the methodology used to achieve the objectives of study. Here, we 
have discussed the materials preparation, characterization techniques used to analyze the 
adsorbents and equipments used to analyze the concentration of adsorbate. Last part of 
the chapter deals with kinetics and isotherms models used for fitting of experimental data. 
3.1 Materials and Preparation  
Commercially grade carbon nanotubes were purchased from Cheap Tubes. The purity of 
CNTs was >95% while length, outer diameter and specific surface area were 10–30 
micrometer, 10–20 nanometer and 200 m2/g, respectively. Metallic salts (Iron Nitrate, 
Zinc Nitrate and Aluminum Nitrate) and solvents (Ethanol, benzene, toluene and xylene 
isomers, nitric acid and sodium hydroxide) were purchased from Sigma Aldrich. All 
chemicals were of analytical grade and used without any further treatment.   
3.1.1 Adsorbents preparation 
Multiwall carbon nanotubes (MWCNTs) were impregnated with different metal oxides 
which are   
1) Iron Oxide  
2) Zinc Oxide 
3) Aluminum Oxide 
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In order to prepare a sample of required weight, e.g. 20 g with 10 weight percent salt 
contents of iron nitrate or zinc nitrate or aluminum nitrate; 18 g of MWCNTs were 
weighed and sufficient amount (500 ml) of ethanol was added in the beaker containing 
CNTs for proper dispersion. The sample was ultra-sonicated using tip sonicator in order 
to break agglomeration and also to distribute CNTs properly in alcohol. The sample was 
sonicated for 30 minutes at frequency of full cycle and amplitude of 60%. 
Required amount of salt was weighed meanwhile (2 g for 10% and 0.2 g for 1% sample) 
and it was dissolved in sufficient amount of ethanol (100 ml for 2 g and 50 ml for 0.2 g). 
Stirring was also performed to dissolve metallic slats in ethanol. After 30 minutes of 
sonication of CNTs, salt solution was also added to CNTs and sonicated for another 30 
minutes at same conditions of frequency and amplitude to make sure proper distribution 
of metallic salts on CNTs surface.  
After completion of sonication process, sample consisting of CNTs and metallic salt 
distributed in ethanol was placed in an oven for drying at 80 to 90 
o
C. It was checked 
after different intervals and removed from oven when it was completely dried.  
Dried cake obtained was crushed, transferred to crucible and placed in furnace for 
calcination process. Sample was calcined in furnace by heating at 350 
o
C for 4 hours.  
After calcination process, sample was cooled and metal oxide impregnated CNTs were 
removed from furnace and placed in sample bag for future use.   
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3.1.2 Adsorbate solution preparation 
For adsorption batch experiments, solutions of desired concentration of organic 
compounds were prepared. For this purpose, pure organic solvents purchased from 
Sigma-Aldrich were used to prepare stock solution of higher concentration e.g. 100 ppm 
in distilled deionized water (resistivity of 18 MΩ.cm) and diluted to required solution 
concentration for experiments. Amount of organic compound required for preparing 
solution was measured very effectively and accurately using micro-pipettes. Magnetic 
stirrer was used for proper mixing, distribution and concentration of solution. 
3.1.3 Adsorption batch experiments 
For adsorption experiments, accurately weighed amount of adsorbents was added to the 
flasks, and then flasks were filled with organic chemicals solution. These flasks were 
placed on shaker at specific shaking speed for specified time at room temperature. After 
completion of time provided for adsorption, filtration (using Whatman filter paper No. 1 
of 11 micron pore size) of solution was carried out to separate adsorbent and sample were 
collected in specific vials for analysis of concentration using GC-MS.  
In order to avoid any losses due to volatilization during experimentation; solution was 
filled completely in flasks and no headspace was left. Experiments were also conducted 
without adding any adsorbent to check the adsorption of benzene on surface of glass flask 
and loss due to volatilization. 
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3.2 Characterization 
It is necessary to characterize the materials using different techniques. Here, we have 
discussed the characterization of CNTs and concentration analysis of BTX. 
3.2.1 Characterization of impregnated CNTs 
In order to get confirmation of loading of metal oxides nanoparticles on MWCNTs, 
prepared materials were analyzed by different techniques. Following characterization 
techniques were used. 
Scanning Electron Microscopy (SEM) (ASTM- E 2809)  
It is very important to know the surface morphology and characteristics of a material. 
Morphology and surface analysis was performed using FESEM. Samples were prepared 
for analysis by coating with Platinum metal with a 5 nm thickness. Coated samples were 
analyzed using scanning electron microscope (TESCAN MIRA 3 FEG-SEM) with 
energy of 15 KV and magnification of 63.6 KX.   
Energy-dispersive X-ray Spectroscopy (EDX) (ASTM- E 1508) 
EDX was performed in order to look for qualitative analysis of elements present in all 
samples. TESCAN MIRA 3 FEG-SEM was used for this analysis. 
Thermogravimetric Analysis (TGA) (ASTM- E 1131)  
Thermogravimetric analysis is important in order to look for degradation temperature and 
purity of samples. TA Instrument (K.U. Leuven SDT Q600) was used for TG analysis of 
all materials. Alumina pan were used for sampling, while materials were degraded in the 
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presence of zero air from room temperature to 900 ºC at constant heating rate of 10 ºC 
per minute. The flow rate of purge gas (zero air of 99.9 % purity) was 100 ml/minute 
while pressure was adjusted as 1 bar. 
X-Ray Diffraction (XRD)  
XRD is an important analysis for looking at crystal nature and phase of metal oxide in a 
sample. This analysis was performed using 2-theta range of 10 to 100, with step of 0.02
o
 
and step time of 1 second.  
Zeta Potential Measurement 
Zeta potential is an important factor in order to look for charge distribution around 
adsorbent particles at various pH. Zeta potential of all materials was performed using 
Zeta Nano-Sizer of Malvern. The sample were prepared by dissolving 10 mg of adsorbent 
in 100 ml of deionized water (resistivity of 18 MΩ.cm) and ultra-sonicated for 30 
minutes. Samples were filled in sample bottles and analyzed for determining zeta 
potential. In order to get good result, all measurements were repeated three times with 
100 cycles in each measurement. 
3.2.2 Concentration of solution 
BTX concentration was analyzed at the start and end of adsorption experiments using 
GCMS and COD analysis. These techniques are discussed in detail here. 
Concentration analysis using GCMS 
Concentration of benzene solution was determined using gas chromatograph mass 
spectrometer (GC 7890A and MS 5975C, Agilent Inc. USA). GC-MS headspace auto 
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multi-sampler was used for sample injection. The capillary column (DB-1) was used with 
specification of 30 m length, 320 µm inner diameter and 1 µm column width. Split mode 
was used for sample injection with 50 ratios 1 and volume of sample injected was 1000 
µL. The temperature of oven was 40 
o
C at the start and later raised to 180 
o
C with the 
heating rate of 35 
o
C per minute, injection inlet temperature was 200 
o
C and auxiliary 
temperature was 280 
o
C while syringe temperature used was 100 ºC. 
COD measurement 
Concentration analysis using COD was performed with COD analyzer (Hach Inc. Model 
3900). COD concentration analysis chemicals were provided by the company. For 
analysis, 2 ml of sample (to be analyzed) was added to bottle, shaked well and placed in 
furnace for digestion at temperature of 148 
o
C for 2 hours. After digestion, samples were 
cooled at room temperature and analyzed using UV spectrometer analyzer with 420 nm 
wavelengths. Standard sample of deionized water was analyzed and COD was turned as 
zero for that sample then other measurements were carried out.     
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3.3 Kinetics Study 
The adsorption capacity of BTX on CNTs surface was calculated by using following  
equation [38]  
𝑞 =
(𝐶0 – 𝐶)
𝑚
∗  𝑉     (3.1) 
In this equation q is the adsorption capacity (mg/g) of adsorbent, 𝐶0 and C represents the 
initial and final concentration of adsorbate in sample (mg/l), respectively. V is the 
volume of solution (ml) and m indicates the amount of adsorbent (g).   
Percentage removal was found using following relation [38].  
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%)  =
𝐶0 – 𝐶
𝐶0
∗ 100    (3.2) 
3.3.1 Adsorption kinetics models 
Most widely used kinetics model for adsorption are pseudo first order model and pseudo 
second order model. Pseudo first order model of Lagergren is presented by the following 
equation [63,64]. 
𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔(𝑞𝑒) −
𝑘1 𝑡
2.303
    (3.3) 
qe and qt indicate the amount of adsorbate (mg/g) adsorbed at equilibrium and various 
time “t” respectively, k1  (min
-1
) is the rate constant of this model. In order to determine 
the values of k1 and qe linear plot of log(qe − qt) vs. t was used.      
 The linear form of pseudo second order is given as [64,65], 
𝑡
𝑞𝑡
=  
1
𝑘2𝑞𝑒
2 +
𝑡
𝑞𝑒
     (3.4) 
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qe and qt are the amount of adsorbate adsorbed (mg/g) on the surface of CNTs at 
equilibrium and at various time “t” respectively. k2(g/(mg min)) is the rate constant for 
pseudo second order kinetic model. The values of qe and k2 can be determined from 
slope and intercept of linear plot of t/q vs. t. 
In order to get more information for internal diffusion inside adsorbent, intraparticle 
diffusion model is used. Linear form of intraparticle diffusion model is provided in this 
equation following [17,64,65]  
𝑞𝑡 = 𝑘𝑖𝑑 𝑡
0.5 + 𝐶     (3.5) 
Where, kid is intraparticle diffusion rate constant with units as mg/g min
-0.5
 and C (mg/g) 
is intercept which can be calculated by plotting qt  vs. t
0.5. 
3.3.2 Adsorption isotherm models 
For adsorption isotherms study, Langmuir, Freundlich and Dubinin-Radushkevitch (D-R) 
are widely used to fit the experimental data. Langmuir model is used for interpretation of 
homogenous single layer adsorption. Langmuir model [65,66] is presented by following 
equation, 
𝑞𝑒 =
𝑞𝑚𝐾𝐿 𝐶𝑒
1+𝐾𝐿 𝐶𝑒
      (3.6) 
Linear form of Langmuir model is provided as follows, 
𝑞𝑒
𝐶𝑒
= 𝑞𝑚𝐾𝐿 − 𝑞𝑒𝐾𝐿     (3.7) 
Here qe represents the concentration of adsorbate on the surface of adsorbent and Ce 
indicates the concentration in water when equilibrium was reached. qm is the maximum 
adsorption capacity and KL is the Langmuir adsorption equilibrium constant (L/mg). 
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From equation 6, KL and qm can be obtained from the non-linear model fitting of qe and 
Ce.  
Freundlich isotherm model [66,67] is provided as,  
𝑞𝑒 = 𝐾𝐹 𝐶𝑒
1
𝑛⁄      (3.8) 
Linear form of model is presented as, 
𝑙𝑜𝑔 (𝑞𝑒) = 𝑙𝑜𝑔(𝐾𝐹) +
1
𝑛⁄ 𝑙𝑜𝑔 (𝐶𝑒)     (3.9) 
KF is Freundlich constant related to adsorption capacity with units (mg/g)(L/mg)
1/n
 and 
‘n’ is Freundlich constant related to adsorption intensity of the adsorbents, it is 
dimensionless. By using the non-linear model fit plot of  (qe) vs. (Ce), the values of 𝐾𝐹 
and ‘n’ can be obtained. 
D-R model was used to show that adsorption of BTX molecules with CNTs surface is 
physical or chemical. Equation of D-R model [17,66] is as follows 
𝑞𝑒 =  𝑞𝑚 𝑒
−𝐵 𝜀2    (3.10) 
Here, 𝐵 (moles2/kJ2) is related to mean free energy of adsorption, 𝑞𝑚(mg/g) is saturation 
capacity.  𝜀 is Polanyi potential and calculated as  
𝜀 = 𝑅 𝑇 ln(1 +  
1
𝐶𝑒
)    (3.11) 
Where R (kJ/mole/K) is the gas constant and T (K) is absolute temperature. Mean free 
energy of adsorption (Ea) for one mole of adsorbate, by moving from infinity to 
adsorption site is calculated as follows 
𝐸𝑎 =  1/(2𝐵
0.5)    (3.12) 
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Value of Ea can provide information about adsorption mechanism. When 1 mole of a 
material is transferred to adsorption site, value between 1-8 kJ/mole indicates physical 
adsorption, value between 8-16 kJ/mole shows adsorption due to ion exchange while the 
value between 20-40 kJ/mole provides indication of chemisorption [17,36,68]. 
In order to avoid the error occurring due to use of linearized form of models, non-linear 
regression analysis was performed for all models using Mathematica 9.0 [69].    
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4 CHAPTER 4 
RESULTS AND DISCUSSION 
CHARACTERIZATION AND ADSORPTION 
In the first part of this chapter, the results of different characterization techniques have 
been discussed. In the second part of chapter, results of different adsorption parameters 
affecting the removal efficiency of BTX from water have been discussed in detail.     
4.1 Characterizations of Materials 
The adsorbent materials were characterized using different techniques in order to confirm 
the morphology and other properties such as thermal stability, phase of a material and 
surface area. Morphology was analyzed suing scanning electron microscope (SEM). 
Qualitative elemental analysis of prepared materials was performed using energy 
dispersive x-ray (EDX) spectrum. The purity and degradation behavior was studied by 
using thermogravimetric analysis. X-ray diffraction (XRD) analysis was used to study the 
crystalline nature of materials. Zeta potential was measured using Malvern Zeta-Sizer. 
All these characterization are described in detail here.  
4.1.1 Scanning electron microscope (SEM) analysis 
Figures 4.1 and 4.2 show the SEM images of raw CNTs and different metal oxides 
nanoparticles impregnated CNTs. It could be observed that carbon nanotubes have 
tubular geometry and no change in morphology was noted after impregnation with metal 
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oxide nanoparticles. It is observed from Figure 4.2 that after impregnation with iron 
oxide nanoparticles, dispersion of CNTs improved and agglomeration was observed to be 
decreased. Similarly, with aluminum oxide nanoparticles impregnation, CNTs were more 
distributed and less agglomerated. Metal oxides nanoparticles distributed on the surface 
of CNTs are shown in circles. It was seen that some agglomeration occurred in zinc oxide 
nanoparticles impregnation while for iron and aluminum oxide nanoparticles, distribution 
was quite good and homogeneous. 
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Figure ‎4-1: SEM images of raw CNTs and Zinc oxide impregnated CNTs 
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Figure ‎4-2: SEM images of Iron oxide impregnated CNTs and Aluminum oxide impregnated CNTs 
CNTs + Iron oxide 
CNTs + Alumina 
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4.1.2 Energy dispersive x-ray (EDX) analysis 
EDX is one of qualitative technique which performs the spot analysis of a sample. This 
technique was used to confirm the presence of different elements in the samples. It is 
indicated in the Figure 4.3 that raw CNTs contains carbon as a major constitute and a 
little amount of nickel, which is indication of catalyst precursor used for growing CNTs. 
The presence of spectra for zinc and oxygen in zinc oxide impregnated CNTs along with 
carbon and nickel is provided in Figure 4.3. 
Figure 4.4 also presented the spectrum of iron oxide impregnated CNTs, which indicates 
the presence of iron and oxygen along with carbon and nickel. Similarly, aluminum oxide 
impregnated CNTs contain aluminum and oxygen in addition to carbon and nickel as 
indicated in Figure 4.4. 
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Figure ‎4-3: EDX Spectra for raw CNTs and zinc oxide impregnated CNTs 
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Figure ‎4-4: EDX Spectra for iron oxide impregnated CNTs and alumina impregnated CNTs 
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4.1.3 Thermogravimetric analysis (TGA)  
Thermogravimetric analysis was carried out to study the thermal degradation temperature 
and purity of materials. Figure 4.5 demonstrates the thermogravimetric behavior of both 
raw and metal oxide nanoparticles impregnated CNTs. It can be observed that the raw 
CNTs are more stable and thermal degradation takes places in a relative narrow range of 
temperature 500 to 550 
o
C. Impregnation of CNTs with iron oxide nanoparticles and zinc 
oxide nanoparticles increased the destabilization in CNTs and degradation started at 
lower temperature 450 
o
C, while aluminum oxide impregnation does not affect the 
degradation temperature of CNTs because aluminum oxide has very low thermal 
conductivity. The mass left over the pan after burning of raw CNTs represents the 
catalyst particles, which was found to be nickel as confirmed from EDX analysis. It is 
also observed that the residual mass increased as we moved from raw to metal oxide 
impregnated CNTs. The higher residue mass (about 7%) left over for metal oxide 
impregnated CNTs indicates iron oxide, aluminum oxide and zinc oxide in different 
samples. Similar trends were observed in these studies [70,71]. 
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Figure ‎4-5: Thermogravimetric curves for raw and metal oxide impregnated CNTs 
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4.1.4 X-ray diffraction (XRD) analysis 
XRD analysis was performed to analyze the phase structure of both CNTs and metallic 
oxide nanoparticles. The analysis was carried out at 2-theta range of 10
o 
to 100
o 
with step 
of 0.02
o
 and step time of 1 second. It is demonstrated in Figures 4.6 and 4.7 that the 
characteristics peaks corresponding to graphitic structure of CNTs exists at 2-theta value 
of 26
o
 and 43
o
 [58,62] in all samples. The peaks indicating the presence of zinc oxide are 
also visible from Figure 4.6 at 2-theta values of 35
o
 [72,73]. The peak corresponding to 
iron oxide exists at 2-theta value of 43
o
 [74,75] overlapped with CNTs peak. Similarly, 
the analysis of data for aluminum oxide impregnated CNTs shown in Figure 4.7 indicates 
the presence of aluminum oxide characterization peak at 2-theta value of 20
o
 [76]. The 
representative peak of nickel catalyst particles in all samples was overlapped with CNTs 
peak on 43
o
 [77]. 
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Figure ‎4-6: XRD pattern for raw CNT zinc oxide impregnated CNTs 
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Figure ‎4-7: XRD pattern of iron oxide impregnated CNTs and aluminum oxide impregnated CNTs 
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4.1.5 Nitrogen isotherms and surface area analysis 
Figures 4.8 and 4.9 demonstrate the nitrogen adsorption desorption isotherms for raw and 
metal oxide impregnated CNTs. Nitrogen adsorption isotherms were measured over a 
relative pressure (p/po) range of 0.01 to 0.989. These isotherms represent the monolayer 
adsorption and are of type (iii) according to classification of IUPAC (International Union 
of Pure and Applied Chemistry). The hysteresis loop is of type H3 in each curve and 
hysteresis occurs due to capillary condensation [78]. Surface area analysis is important in 
order to get information about adsorption sites of adsorbents. BET surface area was 
determined using standard BET equation and was found to be 138 m
2
/g for raw CNTs, 
195 m
2
/g for zinc oxide impregnated CNTs, 216 m
2
/g for iron oxide impregnated CNTs 
and 205 m
2
/g for aluminum oxide impregnated CNTs. This indicated that after 
impregnation, surface area of CNTs increased due to metal oxide nanoparticles 
attachment on the surface of CNTs. This increase in surface area can provide more active 
sites for adsorption of pollutants.   
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Figure ‎4-8: Adsorption desorption plot for raw CNT (upper) and zinc oxide impregnated CNTs (lower) 
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Figure ‎4-9: Adsorption desorption plot for zinc oxide (upper) and aluminum oxide impregnated CNTs (lower) 
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4.2 Adsorption Experimentation 
In the following section, different parameters affecting the adsorption of benzene, toluene 
and xylene on the surface of adsorbents will be discussed. It is reported that various 
factors affecting the adsorption of different contaminates from water include contact time 
of adsorbent with adsorbate solution, dosage of adsorbent, initial pH of solution, initial 
concentration of adsorbate in solution [60,79].  
Here, the effect of these parameters on adsorption of each contaminant is discussed in 
detail.  
4.3 Factors Affecting the Adsorption of Benzene 
The effect of contact time, adsorbent dosage and solution pH on removal of benzene 
using raw CNTs and metal oxide impregnated CNTs will be discussed in the following 
section. 
4.3.1 Effect of contact time 
The effect of contact time on benzene adsorption values and removal was carried out by 
varying the time from 60 minutes to 240 minutes. Initial concentration of benzene 
solution was 1 ppm, adsorbent dosage was 50 mg, shaking speed was 200 rpm and initial 
pH of solution was 6 for all samples. Figure 4.10 reveals the effect of contact time on 
removal efficiency of raw CNTs and metal oxide nanoparticles impregnated CNTs. 
Maximum removal achieved was 51% while maximum adsorption capacity was 1.14 
mg/g with raw CNTs. By impregnating CNTs with metal oxide nanoparticles removal 
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efficiency and adsorption capacity both increased. Maximum removal was 70% and 
adsorption capacity was enhanced to 1.53 mg/g for iron oxide NPs impregnated CNTs. 
Similarly, removal efficiency of aluminum oxide impregnated CNTs was 71% removal 
and adsorption capacity was 1.56 mg/g. Zinc oxide impregnated CNTs provided 58% 
removal and adsorption capacity of 1.27 mg/g. The enhancement in removal efficiency of 
impregnated CNTs was due to higher surface area as observed in BET surface area 
analysis. More active sites were available for benzene molecules to be adsorbed on the 
surface of metal oxide impregnated CNTs, hence increasing the removal efficiency. It can 
also be observed from Figure 4.10 that by increasing the time provided for adsorption, 
adsorption capacity and percentage removal increased due to more time available for п-п 
bonding of benzene molecules with п bonds on CNTs surface. No change in pH was 
observed at the end of experiment.  
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Figure ‎4-10: Effect of contact time on removal of benzene from water using raw and metal oxide NPs 
impregnated CNTs (Co= 1ppm, pH=6.0, shaking rpm= 200, dosage= 50mg, room temperature)  
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4.3.2 Effect of adsorbent dosage 
The impact of adsorbent dosage on adsorption capacity and percentage removal was 
analyzed by using different amount of adsorbents which were 25, 50, 75 and 100 mg. 
Initial concentration of benzene solution used was 1 ppm while shaking rpm was 200, 
initial pH was 6 and contact time was 120 minutes for all samples. Figure 4.11 represents 
the effect of adsorbent dosage on removal efficiency of raw CNTs and various metal 
oxide nanoparticles impregnated CNTs. It is evident that by increasing the amount of 
adsorbent; percentage removal enhanced for all samples. By using raw CNTs initially 
with dosage of 25 mg, only 9.45% benzene was removed. However, removal efficiency 
was enhanced to 53% when dosage was increased from 25 to 100 mg. Iron oxide 
nanoparticles impregnated CNTs have initially 22% removal with 25 mg dosage while it 
was accelerated to 61% finally when dosage was 100 mg. For aluminum oxide 
impregnated CNTs, initial removal was 32% with 25 mg dosage and it was enhanced to 
54% with 100 mg dosage. The possible reasons behind this enhancement in benzene 
adsorption are; by increasing the dosage of adsorbent, more active sites are provided 
hence increasing the chance for attachment of benzene molecules with CNTs surface. By 
increasing the amount of the adsorbent, removal does not increased at same ratio for all 
adsorbent, the possible reason here may be accumulation and agglomeration of CNTs 
with each other hence reducing the chance for attachment of more molecules. 
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Figure ‎4-11: Effect of adsorbent dosage on removal of benzene from water using raw and metal oxide NPs 
impregnated CNTs (Co= 1 ppm, pH=6.0, rpm= 200, time= 2 hr., room temperature) 
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4.3.3 Effect of initial pH of solution 
Figure 4.12 represents the pH effect on removal efficiency of raw and metal oxide 
nanoparticles impregnated CNTs. Significant improvement was observed for all 
adsorbents when pH was increased from 3 to 4. On the other hand, no significant 
improvement was noticed by increasing the initial pH of solution from 4 to 6. Increasing 
the initial pH from 6 to 8 reduced the removal for raw CNTs while there was no 
significant change for metal oxide impregnated CNTs. Benzene exists in the molecular 
form at whole range of pH. So in this case, dispersive interactions due to л-л bonding, 
electrostatic interaction between CNTs surface, metal oxide nanoparticles and benzene 
molecules were dominant in the removal of benzene from water. Similar findings were 
reported in literature [44].  
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Figure ‎4-12: Effect of solution pH on removal of benzene from water using raw and metal oxide NPs 
impregnated CNTs (Co= 1ppm, rpm= 200, dosage= 50mg time= 2 hr., room temperature) 
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4.4 Factors Affecting the Adsorption of Toluene 
Three factors were investigated for adsorption of toluene on the surface of adsorbents. 
Factors studied for removal of toluene from water include contact time, adsorbent dosage 
and initial concentration of adsorbate.  
4.4.1 Effect of contact time 
The effect of contact time on removal of toluene was studied by varying the contact time 
from 120 minutes to 360 minutes. It is observed from the Figure 4.13 that by increasing 
the contact time, removal was found to be enhanced. Initially, higher rate of removal can 
be observed for all adsorbents. As time passed, rate of removal slowed down and finally 
reached to almost equilibrium for all adsorbents. With the passing of time, removal 
efficiency slowed down because almost all available sites were occupied and there was 
repulsion between toluene molecules to occupy the remaining sites. Removal was 45 % 
for raw CNTs at the end of 120 minutes which was found to be enhanced to 63 % at the 
end of 360 minutes. Percentage removal increased uniformly for raw and zinc oxide 
impregnated CNTs while for iron oxide and aluminum oxide impregnated CNTs, it was 
less at the start but finally reached to 66% at the end of 360 minutes.  
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Figure ‎4-13: Effect of contact time on removal of toluene from water using raw and metal oxide NPs 
impregnated CNTs (Co= 100 ppm, pH=6.0, rpm= 200, dosage= 50 mg, room temperature) 
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4.4.2 Effect of adsorbent dosage 
Figure 4.14 shows the impact on removal of toluene from water by changing the amount 
of adsorbents. It is evident form Figure 4.14 that the removal enhanced with increasing 
the adsorbent dosage for all adsorbents. The reason behind this increase in the removal 
was the addition in number of active sites available for adsorption with the increase of the 
adsorbent dosage. For raw CNTs, when the amount of adsorbent was increased from 25 
mg to 50 mg, the removal was enhanced from 22% to 28%. Adsorption was not doubled 
here, which may be due to agglomeration of CNTs hence reducing the available active 
sites. Increase in adsorbent dosage upto 100 mg improved the removal to 48% and then 
almost constant with further addition of CNTs upto 150 mg. The percentage removal of 
toluene enhanced uniformly for zinc oxide impregnated CNTs as it was almost 11% with 
25 mg of adsorbent and 22% using 50 mg of adsorbent, then with 100 mg, removal was 
about 48% while further increase in dosage did not improve removal and it was almost 
51% with 150 mg dosage. Iron oxide nanoparticle impregnated CNTs also provided 
uniform removal efficiency in the start with 17% removal using 25 mg dosage and 32% 
with 50 mg dosage, but it increased to 52% with dosage of 100 mg and finally was almost 
54% using 150 mg of the iron oxide impregnated CNTs. Finally, for the aluminum oxide 
impregnated CNTs, the removal percentage was found to be 17%, 22%, 44% and 54% 
for 25 mg, 50 mg, 100 mg and 150 mg dosage, respectively. Initially, increase in 
adsorption by increasing the amount of adsorbents for all materials was due to 
availability of more sites hence improving the removal but later it retarded or slowed 
down because of agglomeration of material with each other on further increase in 
adsorbent amount hence reducing the removal efficiency. Other possible reason may be 
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due to achievement of equilibrium between adsorption and desorption of toluene 
molecules, no further improvement in removal was noticed with increasing active sites. 
 
 
Figure ‎4-14: Effect of adsorbent dosage on removal of toluene from water using raw and metal oxide NPs 
impregnated CNTs (Co= 100 ppm, pH= 6.0, rpm= 200, time= 2 hr., room temperature) 
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4.4.3 Effect of initial concentration of adsorbate  
Figure 4.15 illustrates the effect of toluene initial concentration on its removal from 
water. Increasing the initial concentration of toluene increased the removal efficiency for 
all adsorbents. The possible reasons behind this increment; may be due to higher 
concentration gradient removal increased, secondly, may be due to competition between 
the more molecules even low energy sites were also occupied hence leading to better 
removal efficiency. 
 
 
Figure ‎4-15: Effect of initial concentration on removal of toluene from water using raw and metal oxide NPs 
impregnated CNTs (Dosage= 50mg, pH= 6.0, rpm= 200, time= 2 hr., room temperature) 
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4.5 Factors Affecting the Adsorption of p-Xylene 
Effect of variation of contact time, adsorbent dosage and initial adsorbate concentration 
on removal efficiency of p-xylene from water was studied and each effect is discussed in 
detail in the following section. 
4.5.1 Effect of contact time 
In order to study the effect of contact time on adsorption of p-xylene from water using 
different adsorbents, time was varied form 60 minutes to 480 minutes. All other factors 
which include adsorbent dosage of 50 mg, shaking speed of 200 rpm, pH of 6.0 and 
initial concentration of 100 ppm were held constant for all adsorbents. The results 
presented in Figure 4.16 demonstrate that adsorption of p-xylene from water was 
increased with time for all adsorbents. For raw CNTs, almost 60% removal was achieved 
in first 60 minute duration while later it increased to 75% in next 60 minutes. After 120 
minutes contact time, removal rate became slow and final removal of 89% was achieved 
at the end of 480 minutes. CNTs impregnated with zinc oxide nanoparticles showed 
highest removal of 73% among all adsorbents in first 60 minutes and then slowly reached 
to final value of 87% removal in 480 minutes. CNTs impregnated with iron oxide 
nanoparticles showed 60% removal in first 60 minutes and then gradual increase of 
almost 5-6% was observed in removal with each passing hour and finally it was 86% 
after 480 minutes. Aluminum oxide impregnated CNTs provided second highest removal 
of 69% in first 60 minutes and then with slow increase touched 89% removal at the end 
of 480 minutes. In the start, highest rate of removal for all adsorbents was perhaps due to 
availability of a large number of vacant adsorption sites. Later, it was reduced because it 
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was difficult to occupy remaining sites due to repulsive forces between p-xylene 
molecules. Second reason may be in the start, rate of adsorption was higher than 
desorption hence providing higher removal, then it moved towards equilibrium hence 
balancing the adsorption and desorption rates and decrease in removal.   
 
 
Figure ‎4-16: Effect of contact time on removal of p-xylene from water using raw and metal oxide NPs 
impregnated CNTs (Co= 100 ppm, pH=6.0, rpm= 200, dosage= 50 mg, room temperature) 
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4.5.2 Effect of adsorbent dosage 
In order to study, the effect of adsorbent dosage on removal of p-xylene from water, 
amount of adsorbents was varied form 25 mg (adsorbent)/100 ml (solution) to 100 
mg/100 ml. For all experiments contact time, pH, shaking speed, initial concentration and 
temperature were 2 hours, 6, 200 rpm, 100 ppm and 25 
o
C, respectively. It is 
demonstrated from Figure 4.17 that removal efficiency of p-xylene increased with 
increasing the dosage of adsorbents. Raw CNTs showed 67% removal using 25 mg 
dosage, which was increased to 80% with dosage of 50 mg, then with a slight increase 
was constant around 84% by increasing dosage upto 100 mg. Zinc oxide impregnated 
CNTs had highest removal of 77% as compared to other adsorbents with dosage of 25 
mg, and it showed slight enhancement in removal reaching 84% with increasing the 
dosage upto 100 mg. Iron oxide impregnated CNTs have initially 68% removal leading to 
final value of 83% with a dosage of 100 mg. Aluminum oxide impregnated CNTs gave 
removal efficiency of 75% with dosage of 25 mg, while it was increased to 84% with 
dosage of 100 mg. Finally, it is observed that raw CNTs and iron oxide impregnated 
CNTs had significant increase in removal with higher adsorbent’s dosage while very 
small increase in removal of p-xylene was obtained by increasing the amount of zinc 
oxide and aluminum oxide impregnated CNTs. The reason may be, by increasing the 
dosage of adsorbent, number of active adsorption sites increased hence leading to 
enhancement in removal efficiency. In case of zinc oxide and aluminum oxide 
impregnated CNTs, initially available sites (using dosage of 25 mg) were enough to 
accommodate the highest number of p-xylene molecules hence addition of more material 
does not provide any significant change in removal.  
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Figure ‎4-17: Effect of adsorbent dosage on removal of p-xylene from water using raw and metal oxide NPs 
impregnated CNTs (Co= 100 ppm, pH= 6.0, rpm= 200, time= 2 hr., room temperature) 
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4.5.3 Effect of initial concentration of adsorbate  
Initial concentration of pollutant has important effect in adsorption. P-xylene initial 
concentration was varied from 20 ppm to 100 ppm to study the effect on removal 
efficiency, by keeping all other factors constant, as shown in Figure 4.18. Contact time of 
2 hours, pH of 6.0, shaking speed of 200 rpm, room temperature and adsorbent dosage of 
50 mg were used for all experiments. It was noted that the removal was decreased by 
increasing the initial concentration for all materials. The possible reason behind this 
phenomena may be due increase in concentration, no more sites were available to 
accommodate extra molecules and hence decreasing overall efficiency of removal.   
 
 
Figure ‎4-18: Effect of initial concentration on removal of p-xylene from water using raw and metal oxide NPs 
impregnated CNTs (Dosage= 50mg, pH= 6.0, rpm= 200, time= 2 hr., room temperature) 
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5 CHAPTER 5 
RESULTS AND DISCUSSION 
KINETIC AND ISOTHERM MODELS 
This chapter deals with further extension of results for different adsorbents analyzed 
using kinetics and isotherms models. First part deals with fitting of BTX adsorption data 
using pseudo first order, pseudo second order and intraparticle diffusion models. Second 
part discusses the fitting of data using Langmuir and Freundlich isotherm models for 
further investigation of adsorption phenomena.  
5.1 Kinetic Models Fitting 
Most widely used kinetic models; pseudo first order (Lagergren’s), pseudo second order 
(Ho’s) and intraparticle diffusion (Weber’s) models were applied to investigate the 
kinetics adsorption behavior of BTX on raw and impregnated CNTs. 
Here, fitting of these models with experimental data is discussed in detail.  
5.1.1 Benzene kinetic models fit 
Figures 5.1, 5.2 and 5.3 show the fitting of benzene adsorption data on raw CNTs and 
metal oxide nanoparticles impregnated CNTs using pseudo first order, pseudo second 
order and intraparticle diffusion models. Table 5.1 represents the values of determination 
coefficients (R
2
) and characteristics parameters calculated for benzene adsorption on all 
adsorbents. 
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Figure 5.1 represents the fitting of data with pseudo first order model and it shows a good 
fitting for all adsorbents and values of R
2 
vary from 90% to 100% for different 
adsorbents. Iron oxide impregnated CNTs have best fitting with 100% regression 
coefficient value. From Figure 5.2, it is demonstrated that pseudo second order model 
also fits good for zinc oxide and iron oxide impregnated CNTs with R
2
 value of 99% and 
90%, respectively, but for raw CNTs and aluminum oxide impregnated CNTs, it shows 
poor fitting with R
2
 of 86% and 81%, respectively. Figure 5.3 provides fitting of 
adsorption data with intraparticle model and shows best fit using all adsorbents with R
2
 
ranging from 94% to 99.5%.    
Based on data fitting results, intraparticle diffusion model seems to represent best the data 
but curves does not pass through origin so, intraparticle diffusion has some effect on 
adsorption but it is not a complete controlling step in adsorption of benzene. Pseudo first 
order model showed best fitting after intraparticle model for all adsorbents. It is also clear 
from Table 5.1 that the values of qe.calculated by pseudo first order model are more close to 
experimental values, so this model is empirically best suitable model to represent the 
benzene adsorption data. Values of rate constant of first order model (k1) are in order of 
zinc oxide impregnated CNTs > raw CNTs > aluminum oxide impregnated CNTs > iron 
oxide impregnated CNTs. It indicates zinc oxide impregnated CNTs reaches to 
equilibrium faster followed by raw CNTs and then aluminum oxide and iron oxide 
impregnated CNTs.   
Finally, pseudo first order model was found best to describe the adsorption of benzene 
from water using raw and impregnated CNTs.    
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Pseudo first order model fit for benzene  
  
  
Figure ‎5-1: Pseudo first order model for fitting benzene adsorption using a) raw CNTs b) zinc oxide 
impregnated CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
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Pseudo second order model fit for benzene  
  
  
Figure ‎5-2: Pseudo second order model fitting for benzene adsorption using a) raw CNTs b) zinc oxide 
impregnated CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
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Intraparticle diffusion model fit for benzene 
  
  
 
Figure ‎5-3: Intraparticle diffusion model fitting for benzene adsorption using a) raw CNTs b) zinc oxide 
impregnated CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
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Table ‎5-1: Kinetic parameters of benzene absorbed on raw and impregnated CNTs 
Adsorbents Model Parameters Adsorbate 
Raw CNTs 
Pseudo first order 
k1(min
-1
) 4.800E-03 
qe,calculated (mg/g) 2.173 
R
2
 0.911 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 2.854E-07 
qe,calculated (mg/g) 90.909 
R
2
 0.864 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 0.132 
C -0.921 
R
2
 0.973 
Zinc oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 6.600E-03 
qe,calculated (mg/g) 2.389 
R
2
 0.901 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 7.144E-04 
qe,calculated (mg/g) 3.467 
R
2
 0.811 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 0.110 
C -0.406 
R
2
 0.972 
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Iron oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 4.600E-03 
qe,calculated (mg/g) 1.777 
R
2
 1.000 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 1.314E-03 
qe,calculated (mg/g) 3.088 
R
2
 0.988 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 0.120 
C -0.303 
R
2
 0.995 
Aluminum oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 4.600E-03 
qe,calculated (mg/g) 1.605 
R
2
 0.930 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 1.785E-03 
qe,calculated (mg/g) 2.841 
R
2
 0.921 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 0.115 
C -0.201 
R
2
 0.946 
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5.1.2 Toluene kinetic models fit 
Toluene adsorption data fit is shown in Figures 5.4, 5.5 and 5.6. Determination co-
efficient (R
2
), first and second order model constants and adsorption capacity calculated 
are provided in Table 5.2.  
Figure 5.4 shows that pseudo first order model has good fit for adsorption data of toluene 
using all adsorbents with R
2
 ranging from 83% for iron oxide impregnated CNTs 
followed by 91% for zinc oxide impregnated CNTs then 95% for raw CNTs and 96% for 
aluminum oxide impregnated CNTs. Pseudo second order model has best fitting with 
data as it is clear from Figure 5.5 that iron oxide impregnated CNTs have R
2
 as 87% 
being lowest one while it was 90%, 97% and 98% for aluminum oxide impregnated 
CNTs, zinc oxide impregnated CNTs and raw CNTs respectively. Figure 5.6 indicates 
that raw CNTs and zinc oxide impregnated CNTs have good fitting with intraparticle 
diffusion model for adsorption of toluene with R
2
 as 91% and 94%, respectively,. Iron 
oxide impregnated CNTs and aluminum oxide impregnated CNTs have very poor fitting 
with this model. R
2
 was only 61% and 35% for iron and aluminum oxide impregnated 
CNTs, respectively.      
 According to analysis of data fitting with three models, it is clear from values of 
regression coefficient that pseudo second order model is only best empirical 
representative model for adsorption of toluene on provided adsorbents. It can also be 
noticed form Table 5.2 that values of adsorption capacity calculated using this model 
(qe,calculated) are more close to experimentally calculated values of adsorption capacity 
(qe,exp). Values of rate constant of pseudo second order model followed the trend as 
aluminum oxide impregnated CNTs > zinc oxide impregnated CNTs > iron oxide 
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impregnated CNTs > raw CNTs. It is known that higher the value of the constant, the 
equilibrium will be achieved faster. It indicates that aluminum oxide impregnated CNTs 
achieved fastest equilibrium followed by zinc oxide impregnated CNTs, iron oxide 
impregnated CNTs and then finally raw CNTs. 
Intraparticle diffusion model was found to have a good fit for raw CNTs and zinc oxide 
impregnated CNTs but it does not pass through origin so, intraparticle diffusion cannot be 
predicted as a sole representative to control the adsorption of toluene molecules. 
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Pseudo first order model fit for toluene 
  
  
 
Figure ‎5-4: Pseudo first order model fitting for toluene adsorption using a) raw CNTs b) zinc oxide impregnated 
CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
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Pseudo second order model fit for toluene 
  
 
  
 
Figure ‎5-5: Pseudo second order model fitting for toluene adsorption using a) raw CNTs b) zinc oxide 
impregnated CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
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Intraparticle diffusion model fit for toluene 
  
  
 
Figure ‎5-6: Intraparticle diffusion model fitting for toluene adsorption using a) raw CNTs b) zinc oxide 
impregnated CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
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Table ‎5-2: Kinetic parameters of toluene absorbed on raw and impregnated CNTs 
Adsorbents Model Parameters Adsorbate 
Raw CNTs 
Pseudo first order 
k1(min
-1
) 5.300E-03 
qe,calculated (mg/g) 101.391 
R
2
 0.950 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 6.877E-05 
qe,calculated (mg/g) 107.527 
R
2
 0.980 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 4.040 
C 4.737 
R
2
 0.913 
Zinc oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 2.200E-03 
qe,calculated (mg/g) 39.683 
R
2
 0.919 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 1.607E-04 
qe,calculated (mg/g) 87.719 
R
2
 0.973 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 2.447 
C 27.733 
R
2
 0.943 
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Iron oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 4.300E-03 
qe,calculated (mg/g) 150.349 
R
2
 0.836 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 8.698E-05 
qe,calculated (mg/g) 101.010 
R
2
 0.867 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 3.004 
C 17.000 
R
2
 0.612 
Aluminum oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 9.000E-04 
qe,calculated (mg/g) 64.032 
R
2
 0.961 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 2.196E-03 
qe,calculated (mg/g) 39.526 
R
2
 0.906 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 2.738 
C 10.267 
R
2
 0.913 
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5.1.3 p-Xylene kinetic models fit 
Figures 5.7, 5.8 and 5.9 demonstrate the fitting of experimental data with linearized form 
of pseudo first order, pseudo second order and intraparticle diffusion model for p-xylene 
using different adsorbents. Values of R
2
 and other parameters calculated are presented in 
Table 5.3.  
From Figure 5.7, it can be observed that all adsorbents have best fit using pseudo first 
order model with adsorption data of p-xylene. Value of R
2
 was 94% for both raw and 
zinc oxide impregnated CNTs, while it was 97% for aluminum oxide impregnated CNTs 
and 99% for iron oxide impregnated CNTs. It was also seen from Figure 5.8 that all 
adsorbents have best fit using pseudo second order model for adsorption of p-xylene and 
values of R
2 
were 99% to almost 100%. Adsorption data of p-xylene was also found to fit 
best with intraparticle diffusion model as seen in Figure 5.9 that R
2
 was 88% for raw 
CNTs, 96% for iron oxide impregnated CNTs and 97% and 98% for zinc oxide 
impregnated CNTs and aluminum oxide impregnated CNTs, respectively.  
It was found form fitting of data that all three models have good fit for adsorption of p-
xylene on all adsorbents. Although, intraparticle diffusion model have best fit with 
experimental data but it does not passes through origin so, it can describe the adsorption 
behavior but does not completely control it. From pseudo first order and pseudo second 
order model, pseudo second order model showed highest R
2 
values from 99.59 to 
99.89%. It can also be seen form Table 5.3 that calculated adsorption capacity using 
second order model fit (qe,calculated) was more close to experimental adsorption capacity 
(qe,exp) for all adsorbents. The values of second order rate constant were in order of zinc 
oxide impregnated CNTs > raw CNTs > aluminum oxide impregnated CNTs > iron oxide 
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impregnated CNTs. Equilibrium will be achieved faster for an adsorbent with higher 
value of rate constant. Based on this rule, zinc oxide impregnated CNTs reached to 
equilibrium faster followed by raw CNTs and then aluminum oxide impregnated CNTs 
and at last iron oxide impregnated CNTs achieved equilibrium for adsorption of p-xylene. 
Finally, although intraparticle diffusion was involved in adsorption but pseudo second 
order model was selected as best empirical model to describe the adsorption of p-xylene 
using all adsorbents.   
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Pseudo first order model fit for p-xylene 
  
  
 
Figure ‎5-7: Pseudo first order model fitting  for p-xylene adsorption using a) raw CNTs b) zinc oxide 
impregnated CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
 
y = -0.0025x + 1.4987 
R² = 0.9448 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 200 400
lo
g(
q
e
-q
t)
 
t (minutes) 
a 
y = -0.0021x + 1.3199 
R² = 0.9467 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 200 400
lo
g(
q
e-
q
t)
 
t (minutes) 
b 
y = -0.003x + 1.5915 
R² = 0.992 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 200 400
lo
g(
q
e-
q
t)
 
t (minutes) 
c 
y = -0.002x + 1.4543 
R² = 0.9758 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 200 400
lo
g(
q
e
-q
t)
 
t (minutes) 
d 
77 
 
Pseudo second order model fit for p-xylene 
  
  
 
Figure ‎5-8: Pseudo second order model fitting for p-xylene adsorption using a) raw CNTs b) zinc oxide 
impregnated CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
 
y = 0.011x + 0.3908 
R² = 0.9989 
0
1
2
3
4
5
6
0 200 400 600
t/
q
t (
m
in
/(
m
g/
g)
) 
t (minutes) 
a 
y = 0.0116x + 0.2888 
R² = 0.9977 
0
1
2
3
4
5
6
7
0 200 400 600
t/
q
t (
m
in
/(
m
g/
g)
) 
t (minutes) 
b 
y = 0.0113x + 0.4589 
R² = 0.9986 
0
1
2
3
4
5
6
7
0 200 400 600
t/
q
t (
m
in
/(
m
g/
g)
) 
t (minutes) 
c 
y = 0.0111x + 0.3992 
R² = 0.9959 
0
1
2
3
4
5
6
7
0 200 400 600
t/
q
t (
m
in
/(
m
g/
g)
) 
t (minutes) 
d 
78 
 
Intraparticle diffusion model fit for p-xylene 
  
  
 
Figure ‎5-9: Intraparticle diffusion model fitting for p-xylene adsorption using a) raw CNTs b) zinc oxide 
impregnated CNTs c) iron oxide impregnated CNTs d) alumina impregnated CNTs 
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Table ‎5-3: Kinetic parameters of p-xylene absorbed on raw and impregnated CNTs 
Adsorbents Model Parameters Adsorbate 
Raw CNTs 
Pseudo first order 
k1(min
-1
) 2.500E-03 
qe,calculated (mg/g) 31.528 
R
2
 0.945 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 3.100E-04 
qe,calculated (mg/g) 90.909 
R
2
 0.999 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 1.739 
C 49.246 
R
2
 0.878 
Zinc oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 2.100E-03 
qe,calculated (mg/g) 20.888 
R
2
 0.947 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 4.660E-04 
qe,calculated (mg/g) 86.207 
R
2
 0.998 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 0.991 
C 60.703 
R
2
 0.972 
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Iron oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 3.000E-03 
qe,calculated (mg/g) 39.039 
R
2
 0.992 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 2.780E-04 
qe,calculated (mg/g) 88.496 
R
2
 0.999 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 1.752 
C 45.792 
R
2
 0.958 
Aluminum oxide 
impregnated CNTs 
Pseudo first order 
k1(min
-1
) 2.000E-03 
qe,calculated (mg/g) 28.464 
R
2
 0.976 
Pseudo second 
order 
k2 (g mg
-1 
min
-1
) 3.090E-04 
qe,calculated (mg/g) 90.090 
R
2
 0.996 
Intraparticle 
diffusion 
kid (g mg
-1 
min
-0.5
) 1.421 
C 53.786 
R
2
 0.984 
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5.2 Isotherm Models Fitting 
Isotherms model are most important in order to best understand the adsorption 
mechanism and to determine the amount of adsorbent required for adsorption of specific 
adsorbate. Langmuir and Freundlich isotherm models were used to fit the experimental 
data of BTX. In order to further explore the interactions involved in adsorption of BTX 
on surface of CNTs adsorption data was fitted with D-R model.   
5.2.1 Isotherm models fitting for benzene 
Figures 5.10, 5.11 and 5.12 show the fitting of benzene adsorption data with Langmuir, 
Freundlich and D-R models while Table 5.4 provides the values of regression constant 
and other factors calculated form fitting of data with models. All three models were 
found to provide good fitting with experimental data for all adsorbents.  
Raw CNTs data showed good fitting with all three models. It was found that Langmuir 
isotherm model was best describing model for raw CNTs. With R
2
 of 99.2%, maximum 
adsorption capacity was found to be 517 mg/g. Freundlich isotherm model heterogeneity 
parameter ‘n’ was 1.264 which indicates the favorable adsorption and value of energy 
calculated using D-R model was found as 0.027 kJ/mole which is indicative of physical 
adsorption of benzene on surface of CNTs.  
Zinc oxide impregnated CNTs showed good fit using all three models with R
2
 ranging 
from 89.2% to 99.9%. It was found that maximum adsorption capacity of benzene 
calculated using Langmuir model fit was 1215.64 mg/g, while value of Freundlich 
heterogeneity parameter ‘n’ was 1.101. For this adsorbent energy calculated was found to 
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be 0.026 kJ/mole hence providing evidence for physical adsorption of benzene on the 
surface of zinc oxide impregnated CNTs.  
Adsorption experimental data of iron oxide impregnated CNTs was also seen to have a 
good fit with all three models and value of regression constant was found between 99.3-
99.4%. It was observed that maximum adsorption capacity provided using Langmuir 
model fit was 987.584 mg/g. The value of ‘n’ using Freundlich isotherm model was 
1.119. Adsorption energy calculated using D-R model was 0.025 kJ/mole, hence 
indicating physical adsorption.  
Finally aluminum oxide impregnated CNTs adsorption data was found to fit best using all 
Langmuir, Freundlich and D-R isotherm models with R
2
 of 98.2 and 99.9% respectively. 
The value of heterogeneity parameter was found as 0.943 that was close enough to 1 
hence providing adsorption. The value of adsorption energy was calculated using D-R 
model fit and was indicating physical adsorption phenomena with a value 0.23 kJ/mole.  
Values of constants for Langmuir (KL) and Freundlich (KF) models followed an order of 
raw CNTs > zinc oxide impregnated CNTs > iron oxide impregnated CNTs > aluminum 
oxide impregnated CNTs.   
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Figure ‎5-10: Isotherm model fit for benzene adsorption on raw and impregnated CNTs 
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Figure ‎5-11: Freundlich isotherm model fit for benzene adsorption on raw and impregnated CNTs 
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Figure ‎5-12: D-R isotherm model fit for benzene adsorption on raw and impregnated CNTs 
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Table ‎5-4: Isotherm models fitting parameters for adsorption of benzene using different adsorbents 
Adsorbents Model Parameters Values 
Raw CNTs 
Langmuir 
 
KL(L/mg) 0.003 
qm (mg/g) 517.269 
R
2
 0.992 
Freundlich 
KF (L/mg) 3.027 
n 1.264 
R
2
 0.989 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 207.209 
B (mole
2
/kJ
2
) 671.452 
Ea (kJ/mole) 0.027 
R
2
 0.993 
Zinc oxide 
impregnated CNTs 
Langmuir 
KL(L/mg) 9.219E-04 
qm (mg/g) 1215.640 
R
2
 1.000 
Freundlich 
KF (L/mg) 1.548 
n 1.101 
R
2
 1.000 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 192.751 
B (mole
2
/kJ
2
) 731.321 
Ea (kJ/mole) 0.026 
R
2
 0.984 
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Iron oxide 
impregnated CNTs 
Langmuir 
KL (L/mg) 1.399E-03 
qm (mg/g) 987.584 
R
2
 0.994 
Freundlich 
KF (L/mg) 1.926 
n 1.119 
R
2
 0.993 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 228.718 
B (mole
2
/kJ
2
) 789.545 
Ea (kJ/mole) 0.025 
R
2
 0.994 
Aluminum oxide 
impregnated CNTs 
Langmuir 
KL (L/mg) 4.830E-07 
qm (mg/g) 2.619E+06 
R
2
 0.999 
Freundlich 
KF (L/mg) 0.932 
n 0.943 
R
2
 1.000 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 266.510 
B (mole
2
/kJ
2
) 932.835 
Ea (kJ/mole) 0.232 
R
2
 0.981 
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5.2.2 Isotherm models fitting for toluene    
Figures 5.13, 5.14 and 5.15 demonstrate the results for fitting of toluene adsorption data 
with Langmuir, Freundlich and D-R isotherm models. The results of determination co-
efficient (R
2
) and various parameters are tabulated in Table 5.5. It is observed that values 
of R
2
 vary from 87.8% to 98.1% hence providing good fit with experimental data for 
various adsorbents.  
Raw CNTs have good fit with all three models but Freundlich isotherm model best 
describe the adsorption of toluene on raw CNTs with R
2
 of 97.7%. Value of 
heterogeneity parameter ’n’ is 0.429, which indicates favorable adsorption. Furthermore, 
value of adsorption energy was calculated using D-R model fitting and was found to be 
0.031 kJ/mole, hence providing evidence of physical adsorption of toluene on surface of 
CNTs.  
Zinc oxide impregnated CNTs were found to have good fit with Freundlich and D-R 
model only with regression co-efficient of 96.5% and 96.4%, respectively. Heterogeneity 
parameter calculated using Freundlich isotherm model fit was indicative of favorable 
adsorption having a value of 0.244. D-R isotherm model fitting provided adsorption 
energy as 0.023 kJ/mole, hence indicating physical adsorption of toluene.  
Toluene adsorption data using iron oxide impregnated CNTs as adsorbent, was also 
found to have good fit with Freundlich and D-R models only. Values of ‘n’ calculated 
from Freundlich model fit was 0.395 while ‘Ea’ calculated using D-R model was 0.027 
kJ/mole. Value of ‘n’ presented the favorable adsorption of toluene while, value of ‘Ea’ 
provided the proof of physical adsorption. 
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Data of aluminum oxide impregnated CNTs also showed best fit with Freundlich and D-
R model only. Heterogeneity parameter calculated from Freundlich isotherm model 
fitting was 0.478. This value of ‘n’ provided strong adsorption affinity of toluene towards 
used adsorbent. D-R model fit was also used to calculate energy for adsorption of one 
mole of toluene on aluminum oxide impregnated CNTs which was 0.029 kJ/mole. This 
value showed that only physical interactions were involved in adsorption of toluene. 
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Figure ‎5-13: Langmuir isotherm model fitting for toluene using raw and impregnated CNTs 
 
 
 
 
 
 
91 
 
 
 
 
 
Figure ‎5-14: Freundlich isotherm model fitting for toluene using raw and impregnated CNTs 
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Figure ‎5-15: D-R isotherm model fitting for toluene using raw and impregnated CNTs 
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Table ‎5-5: Isotherm models fitting parameters for adsorption of toluene using different adsorbents 
Adsorbents Model Parameters Values 
Raw CNTs 
Langmuir 
 
KL (L/mg) 2.109E-10 
qm (mg/g) 3.596E+09 
R
2
 0.922 
Freundlich 
KF (L/mg) 5.410E-03 
n 0.429 
R
2
 0.977 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 48.587 
B (mole
2
/kJ
2
) 528.036 
Ea (kJ/mole) 0.031 
R
2
 0.974 
Zinc oxide 
impregnated CNTs 
Langmuir 
KL (L/mg) 1.991E-07 
qm (mg/g) 3.575E+06 
R
2
 0.878 
Freundlich 
KF (L/mg) 6.089E-06 
n 0.244 
R
2
 0.965 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 57.024 
B (mole
2
/kJ
2
) 948.953 
Ea (kJ/mole) 0.023 
R
2
 0.964 
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Iron oxide 
impregnated CNTs 
Langmuir 
KL (L/mg) 2.501E-07 
qm (mg/g) 2.961E+06 
R
2
 0.931 
Freundlich 
KF (L/mg) 2.415E-03 
n 0.395 
R
2
 0.978 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 50.895 
B (mole
2
/kJ
2
) 674.540 
Ea (kJ/mole) 0.027 
R
2
 0.972 
Aluminum oxide 
impregnated CNTs 
Langmuir 
KL (L/mg) 2.690E-10 
qm (mg/g) 3.105E+09 
R
2
 0.947 
Freundlich 
KF (L/mg) 1.450E-02 
n 0.478 
R
2
 0.981 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 54.373 
B (mole
2
/kJ
2
) 585.477 
Ea (kJ/mole) 0.029 
R
2
 0.971 
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5.2.3 Isotherm models fitting for p-xylene    
Figures 5.16, 5.17 and 5.18 represent the fitting of p-xylene adsorption data with 
Langmuir, Freundlich and D-R isotherm models, respectively while Table 5.6 provides 
values for regression co-efficient of fitting and other parameters obtained from fitting.  
Raw CNTs were proved to have a good efficiency for adsorption of p-xylene and it can 
be seen that data of p-xylene adsorption best fits with two models; Freundlich and D-R. 
Although Langmuir was also found to give a good fit but parameters calculated are not 
fine. So, Freundlich model was considered to best describe the data and value of 
heterogeneity parameter ‘n’ was found to be 0.975 which is close to unity hence 
indicating favorable adsorption of p-xylene on a homogenous surface. D-R model fit 
provided the value of adsorption energy ‘Ea
’
 was 0.037 kJ/mole, hence indicating 
physical adsorption of p-xylene molecules on the surface of CNTs. 
Zinc oxide impregnated CNTs data fit provided good fit with all three models but best 
results were obtained with Freundlich isotherm model with R
2
 of 99.9%. Heterogeneity 
parameter ‘n’ was found as 0.958, again indicating favorable and homogenous adsorption 
of p-xylene molecules. Ea calculated from D-R model fit was 0.036 kJ/mole, which 
showed physical adsorption of p-xylene.  
Adsorption of p-xylene using iron oxide impregnated CNTs was also found to have a 
good fit using all three models. But best model fitting was obtained using Freundlich 
isotherm model. Heterogeneity parameter showed favorable adsorption with a value of 
0.904. D-R model fit was also good to describe this phenomenon and value of ‘Ea’ was 
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0.034. So, it confirmed that physical adsorption of p-xylene took place on the surface of 
iron oxide impregnated CNTs. 
Aluminum oxide impregnated CNTs were found to provide good fitting with all three 
models. It was realized that Freundlich model was best to describe the adsorption 
phenomenon with this adsorbent. Heterogeneity parameter indicated favorable adsorption 
with value of ‘0.949’. Adsorption energy for this phenomenon was obtained from fit of 
D-R model, with a value of 0.035 kJ/mole and it showed that physical adsorption took 
place here. 
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Figure ‎5-16: Langmuir isotherm model fitting for p-xylene using raw and impregnated CNTs 
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Figure ‎5-17: Freundlich isotherm model fitting for p-xylene using raw and impregnated CNTs 
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Figure ‎5-18: D-R isotherm model fitting for p-xylene using raw and impregnated CNTs 
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Table ‎5-6: Parameters of isotherm models for adsorption of p-xylene using different adsorbents 
Adsorbents Model Parameters Values 
Raw CNTs 
Langmuir 
 
KL (L/mg) 1.937E-09 
qm (mg/g) 8.306E+08 
R
2
 0.998 
Freundlich 
KF (L/mg) 1.438 
n 0.975 
R
2
 0.999 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 210.214 
B (mole
2
/kJ
2
) 372.539 
Ea (kJ/mole) 0.037 
R
2
 0.976 
Zinc oxide 
impregnated CNTs 
Langmuir 
KL (L/mg) 7.408E-07 
qm (mg/g) 2.234E+06 
R
2
 0.999 
Freundlich 
KF (L/mg) 1.362 
n 0.958 
R
2
 0.999 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 220.178 
B (mole
2
/kJ
2
) 391.730 
Ea (kJ/mole) 0.036 
R
2
 0.971 
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Iron oxide 
impregnated CNTs 
Langmuir 
KL (L/mg) 3.338E-07 
qm (mg/g) 4.988E+06 
R
2
 0.995 
Freundlich 
KF (L/mg) 1.035 
n 0.904 
R
2
 0.997 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 230.295 
B (mole
2
/kJ
2
) 426.679 
Ea (kJ/mole) 0.034 
R
2
 0.972 
Aluminum oxide 
impregnated CNTs 
Langmuir 
KL (L/mg) 8.367E-10 
qm (mg/g) 1.988E+09 
R
2
 0.994 
Freundlich 
KF (L/mg) 1.312 
n 0.949 
R
2
 0.994 
Dubinin-
Radushkevish (D-
R) 
qm (mg/g) 224.465 
B (mole
2
/kJ
2
) 399.622 
Ea (kJ/mole) 0.035 
R
2
 0.977 
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6 CHAPTER 6 
CONCLUSION AND RECOMMENDATIONS 
The following highlights the removal of BTX from aqueous solution using both raw and 
impregnated CNTs.  
6.1 Conclusions 
The following can be concluded form the work. 
 Raw and metal (Zn, Fe, Al) oxide nanoparticles impregnated CNTs were applied 
for removal of BTX from water. Various parameters were optimized for the 
adsorption phenomena.  
 Contact time and adsorbent dosage were found to increase the adsorption of all 
three components form water using both raw and impregnated CNTs. 
  pH was observed to have no significant effect on removal efficiency of benzene 
in the range of 5 to 8.  
 Maximum removal of benzene was achieved as 71% in 240 minutes using 
aluminum oxide impregnated CNTs while, benzene initial concentration was 1 
ppm, pH was 6.0, shaking speed was 200 rpm and adsorbent dosage was 50 mg at 
room temperature for all samples.  
 63% removal of toluene was achieved in 360 minutes using both raw and 
impregnated CNTs while, initial concentration of toluene was 100 ppm, initial pH 
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of solution was 6.0, shaking speed was 200 rpm and adsorbent dosage was 50 mg 
for all samples at room temperature.  
 Highest removal of p-xylene was 89% which has been achieved using raw CNTs 
and aluminum oxide impregnated CNTs as an adsorbent in 480 minutes. For all 
samples, initial concentration of p-xylene, pH, shaking speed and adsorbent 
dosage were 100 ppm, 6.0, 200 rpm and 50 mg for all samples at room 
temperature. 
 Kinetics and isotherms model fitting was carried out to understand the phenomena 
of BTX adsorption on CNTs.  
 Adsorption kinetic data was used to fit with kinetics models such as pseudo first 
order, pseudo second order and intraparticle diffusion model. 
 The results indicated that pseudo first order model was best to describe the 
adsorption phenomena of benzene using raw and metal oxide impregnated CNTs. 
 For toluene, pseudo first order and second order models had promising fit with 
adsorption data but determination co-efficient and kinetics parameters indicated 
that best match was acquired using pseudo second order model.  
 In case of p-xylene, although all three models were found to fit good with 
experimental data but determination coefficient and other factors revealed that 
pseudo second order model was best for describing the adsorption phenomena of 
p-xylene.  
 In order to further investigate the adsorption phenomena, adsorption capacity and 
adsorption energy data was fit with Langmuir, Freundlich and Dubinin-
Radushkevich (D-R) isotherm models. 
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  Langmuir isotherm model was found to best describe the adsorption of benzene 
using both raw and impregnated CNTs with adsorption capacity of 517 mg/g for 
raw CNTs, for zinc oxide impregnated CNTs and for iron oxide impregnated 
CNTs calculated using Langmuir model fit. 
 Toluene adsorption data was found to be best described using Freundlich and D-R 
isotherm models. Dimensionless parameter ‘n’ indicated favorable homogenous 
adsorption with a value of 0.429 for raw CNTs, 0.244 for zinc oxide impregnated 
CNTs, 0.395 for iron oxide impregnated CNTs and 0.478 for aluminum oxide 
impregnated CNTs. 
 Freundlich and D-R isotherm models best described p-xylene adsorption and the 
values of adsorption energy calculated using D-R model fit required for 
adsorption of 1 mole of p-xylene on were 0.037 kJ/mole for raw CNTs, 0.036 
kJ/mole for zinc oxide impregnated CNTs, 0.034 kJ/mole for iron oxide 
impregnated CNTs and finally 0.035 kJ/mole for aluminum oxide impregnated 
CNTs. These values indicated the physical adsorption of p-xylene on all 
adsorbents.    
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6.2 Recommendations 
Some recommendations for future work are as follows.  
 All adsorbents were used once in this study, material should be recycled and used 
again to check the stability.  
 The materials used for adsorption of BTX in batch process were found to have 
good removal efficiency and adsorption capacity. These materials should be 
tested in continuous process.  
 Carbon nanotubes were impregnated with different metal oxide nanoparticles in 
this study, it is recommended to use metal carbide and metal nitride impregnated 
CNTs.  
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Appendices 
Appendix A 
Calculation of Percentage Removal and Adsorption Capacity 
Percentage Removal 
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%)  =  
𝐶𝑜 − 𝐶
𝐶𝑜
∗ 100 
While Co is initial concentration, C is concentration at any time t. 
For example, if Co = 0.85 mg/L and C = 0.41 mg/L 
Then,  
Removal (%) = 51.76 
Equilibrium adsorption capacity experimental (qe,exp.) 
Experimental equilibrium adsorption capacity was used for fitting of kinetics and 
isotherm models. 
Equilibrium a𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦, 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 (𝑞𝑒, 𝑒𝑥𝑝. )  =  
(𝐶𝑒 − 𝐶𝑜) ∗ 𝑉
𝑚
 
For example, if Co = 0.85 mg/L, Ce= 0.41 mg/L, V=130 ml, m=50 mg 
Qe,exp .= 1.14 mg/g 
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Equilibrium adsorption capacity calculated (qe,calculated) 
Equilibrium adsorption capacity calculated (qe,calculated) was obtained from fitting of 
experimental data with kinetic models.  
For example, in case of fitting of data using pseudo second order model  
𝑡
𝑞𝑡
=  
1
𝑘2𝑞𝑒2
+
𝑡
𝑞𝑒
 
qe is calculated from the slope of a plot of ‘t/qt’ vs. ‘t’. This qe is called qe,calculated.  From 
Table 5.1, by fitting of data for raw CNTs qe,calculated was 2.173.   
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Appendix B 
Calculation of COD 
Theoretical chemical oxygen demand (COD) of toluene is calculated as follows, 
C7H8 + 9 O2     7 CO2 + 4 H2O 
 Hence, nine moles of oxygen are required for complete oxidation of one mole of toluene. 
Based on weight,  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =  
32 ∗  𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑂𝑥𝑦𝑔𝑒𝑛 
92 ∗ 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑜𝑙𝑢𝑒𝑛𝑒
 
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑  =  
32 ∗  9 
92 ∗ 1
=
3.13 𝑚𝑔 𝑜𝑓 𝑂2
𝑚𝑔 𝑜𝑓 𝑇𝑜𝑙𝑢𝑒𝑛𝑒
 
Hence, 3.13 mg of oxygen is required for 1 mg of toluene. 
So, based on concentration of toluene in a sample, COD can be calculated. For example, 
if concentration of toluene is 50 mg/L or 50 ppm, 
𝐶𝑂𝐷 =  3.13 ∗ 50 = 156.5 𝑚𝑔/𝐿 
Hence, generally COD is,  
𝐶𝑂𝐷 (𝑚𝑔/𝐿)  =  
 𝑚𝑔 𝑜𝑓 𝑂2
𝑚𝑔 𝑜𝑓 𝑎 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
∗  Concentration of a component (𝑚𝑔/𝐿) 
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